We report here the identification and partial characterization of a human gene (designated AHNAK) that encodes an unusuafly large protein (=700 kDa). AHNAK is expressed by means of a 17.5-kilobase mRNA in diverse cellular lineages but is typically repressed in cell lines derived from human neuroblastomas and in several other types of tumors. Unique-sequence domains at the two ends of the protein flank a large internal domain (-4300 amino acids) composed of highly conserved repeated elements, most of which are 128 amino acids in length. The repeated elements in turn display a redundant motif, marked by the recurrence of proline at every seventh residue. Within these sequences, hydrophobic and hydrophilic residues alternate in a manner that is incompatible with a helical coiled-coil structure. Instead, we propose a structure resembling a a-strand but with a perlodicity of 2.33. The structure would engender a polyionic rod 1.2 Imm long. Preliminary evidence indicates that the protein resides predominantly within the nucleus, but no function has yet been discerned. structed in phage vector AZAPII according to published protocols (4).
ABSTRACT
We report here the identification and partial characterization of a human gene (designated AHNAK) that encodes an unusuafly large protein (=700 kDa). AHNAK is expressed by means of a 17.5-kilobase mRNA in diverse cellular lineages but is typically repressed in cell lines derived from human neuroblastomas and in several other types of tumors. Unique-sequence domains at the two ends of the protein flank a large internal domain (-4300 amino acids) composed of highly conserved repeated elements, most of which are 128 amino acids in length. The repeated elements in turn display a redundant motif, marked by the recurrence of proline at every seventh residue. Within these sequences, hydrophobic and hydrophilic residues alternate in a manner that is incompatible with a helical coiled-coil structure. Instead, we propose a structure resembling a a-strand but with a perlodicity of 2.33. The structure would engender a polyionic rod 1.2 Imm long. Preliminary evidence indicates that the protein resides predominantly within the nucleus, but no function has yet been discerned. structed in phage vector AZAPII according to published protocols (4) .
To prepare a genomic minilibrary, high molecular weight DNA from human lymphoblastoid cell line RPM17666 was digested to completion with EcoRI, the restriction fragments were separated on 0.4% agarose gel, and fragments of sizes between 18 and 24-26 kilobase pairs (kbp) were gel-purified and cloned into phage vector ADASH (Stratagene).
Southern and Northern blot hybridizations were performed after transfer of electrophoretically separated nucleic acids to nylon Hybond membranes (Amersham) as described (5) .
Templates for DNA sequencing were produced by generating sets of nested deletions of cDNA clones. Nucleotide sequences were determined using the Sequenase kit (United States Biochemical) or automated sequencing performed by the Biomedical Research Facility at the University of California, San Francisco.
Neuroblastoma represents the most primitive neoplasm originating from migratory neural crest cells and apparently arises as a result of arrested differentiation (1) . To identify genes whose transcription might be repressed during the genesis of neuroblastomas, we used (2) subtractive cDNA cloning to detect genes that are expressed in human melanomas and pheochromocytomas but not in neuroblastomas. The first of these genes identified encodes the cell surface protein known as CD44, an integral membrane glycoprotein that is the principal receptor for hyaluronate on the cell surface (3).
A second gene (originally designated PM227) caught our attention because its expression appears to be coordinated with that of CD44 (2) . The fact that CD44 and PM227 have similar tissue specificity of expression raised the possibility that both are subject to similar transcriptional regulation and that their downregulation in neuroblastoma is a consequence of the action of the same transcriptional factor(s).
Here we report that PM227 encodes a protein whose exceptionally large size of 700 kDa has caused us to rename the gene AHNAK (meaning giant in Hebrew).* The amino acid sequence of the AHNAK protein suggests secondary structure with a periodicity of 2.33 residues per turn. Individual chains could associate to form a seven-or eightstranded barrel. The resulting structure would be a polyionic rod with length as great as 1.2 gm. The function of these rods remains a mystery.
MATERIALS AND METHODS
Construction of a subtracted cDNA library enriched for sequences expressed in a human pheochromocytoma but not in the neuroblastoma cell line NMB has been described (2) . A cDNA library from melanoma cell line HT144 was con-
RESULTS
Cloning of AHNAK cDNA and Genomic Sequences. We began this work to identify genes whose expression might be specifically diminished or absent in cells of human neuroblastomas. To this end, we constructed and screened a subtracted cDNA library enriched for sequences expressed in a human pheochromocytoma but not in neuroblastomas (2) . Briefly, polyadenylylated RNA isolated from a surgical specimen of a benign pheochromocytoma tumor was transcribed into single-stranded cDNA. This cDNA was hybridized with an excess of RNA from the human neuroblastoma cell line NMB. The unhybridized single-stranded cDNA was selected on a hydroxyapatite column as described (6) and back-hybridized to pheochromocytoma RNA to obtain cDNA RNA hybrids that were used to construct a subtracted cDNA library of 3 x 106 clones in phage vector AgtlO. The resulting library was screened with radiolabeled cDNAs prepared with RNAs from pheochromocytoma, neuroblastoma, and melanoma cell lines. Only the clones expressed in both pheochromocytoma and melanoma but not in neuroblastoma were selected. Among the products of this screen was a cDNA clone originally designated as PM227 that we have renamed AHNAK.
The diminished expression of AHNAK RNA in neuroblastoma cell lines is illustrated in Fig. 1 . Northern blot analysis of AHNAK RNA demonstrated a transcript estimated to be about 18 kilobases (kb) long in several human cell lines derived from diverse tumors (Fig. 1A) . The abundance ofthis transcript was greatly diminished in most of the neuroblastoma lines examined. Because of the very large size of AHNAK RNA, the RNase protection method was used for more extensive analysis of its expression in neuroblastoma *The sequences reported in this paper have been deposited in the GenBank data base (accession nos. M80902 and M80899).
5472
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cell lines (Fig. 1B ). Among human cell lines analyzed, we have found low or undetectable levels ofAHNAK expression in lines derived from neuroblastomas, small cell lung carcinomas, and Burkitt lymphomas. But repression of AHNAK is not a universal feature of neoplasia, since we found expression in all other human cell lines examined.
To clone the full-length cDNA of AHNAK, we used the cDNA clone PM227 as a probe for screening a cDNA library made with polyadenylylated RNA from the human melanoma cell line HT144. Five cDNA clones (z2, z6, z7, z8, and z18) were obtained, mapped, and shown to span 4 kb of AHNAK RNA (Fig. 2) . RNase protection analyses performed with RNA probes synthesized from both strands of a cDNA fragment were used to establish the transcriptional orientation of cDNAs (data not shown). Clone z18 was found to extend farthest in the 5' direction (Fig. 2 ). We performed a "cDNA walking" experiment to isolate AHNAK cDNA clones representing the middle portion and the 5' end of AHNAK RNA. A 5'-terminal fragment ofclone z18 was used as a probe for repeated screening ofthe HT144 cDNA library. This round of screening produced 10 cDNA clones, of which the four longest (z21, z78, z80, and z83) are shown in Fig. 2 .
Analysis of these cDNA clones revealed that all are composed of cross-hybridizing sequences. The only unique sequences were contained within 1.5 kb at the 5' terminus of clone z21 and 3.3 kb at the 3' end ofcDNA clone z7. Repeated screening of the cDNA library with the unique probes did not produce additional clones extending farther in the 3' direction; one clone, z37, was identified with the 5'-end-specific probe and was found to extend only slightly farther in the 5' direction than cDNA z21.
Restriction mapping and partial sequencing of cDNA clones allowed us to map clone z80 in relation to the isolated cDNAs (Fig. 2) . However, we could not find any regions of overlap among cDNA clones z21 and z83 and other clones. We used the cDNA clones as probes in Southern and Northern blot analysis to prove that they are all derived from a single genomic locus and transcript rather than from several different though homologous genes. We have found that all cDNAs examined detect the same size RNA species in Northern blot analysis (data not shown). Southern blot analysis showed that all cDNAs hybridize to an overlapping set of restriction fragments in genomic DNA and, more importantly, single restriction fragments were detected in EcoRI and Kpn I digests (data not shown). These data indicated that all cDNA clones of the z series are derived from a single genomic locus.
To isolate and characterize the genomic locus of AHNAK, two phage clones, Az3 and Az8, were isolated from a normal human placental genomic library with cDNA probes (Fig. 2) . Both clones contained sequences corresponding to the 5' end ofthe cDNAs z21 and z37 only. To obtain genomic sequences coding for the remainder of the transcript represented in AHNAK cDNAs, we took advantage of the fact that a single EcoRI fragment of 24 Fig. 2 shows the alignment of AHNAK cDNAs and genomic clones. All cDNA clones are colinear with the genomic sequences with the exception of clone z21, which has a deletion of about 0.8 kbp when compared with the corresponding genomic region. However, cDNA z78 contains genomic sequences missing in z21. Subsequent sequence analyses of cDNAs and genomic subclones indicated that clone z21 most likely suffered an internal deletion as a cloning artifact. This conclusion was supported by two findings: (i) the genomic region of 768 nucleotides absent from cDNA z21 is not flanked by sequences even remotely resembling splicing signals and (ii) the open reading frame of AHNAK continues uninterrupted through this fragment with the repetitive nature of the predicted amino acid sequence preserved (see below). Thus, with the exception of two small gaps between cDNA clones z21 and z83 and between z83 and z80 (Fig. 2) , all of the genomic sequences are represented in cDNA clones.
The gaps between cDNAs and genomic sequences most likely reflect deficiencies in the cDNA library rather than regions of splicing. This deduction was based on the presence of an uninterrupted open reading frame and absence of splicing signals in the two genomic regions not represented in cDNA. Thus, we suggest that the cloned portion of the AHNAK genomic locus has no introns, which is remarkable considering the size of the AHNAK transcript. A 3' domain of 1.4 kbp represented in cDNAs is not present in the genomic clone, but genomic Southern blot analysis indicates that it is contained in a contiguous genomic fragment.
We examined next the phylogenetic conservation of AHNAK. Fig. 3 shows that cDNA clone z80 detects bands in the DNAs of bovine, rodent, and quail cells. We were also able to detect hybridizing fragments in Drosophila and Dictyostelium discoideum DNA under conditions of reduced stringency (data not shown). In addition, AHNAK cDNAs detected an 418-kb transcript in RNA from rodent fibroblasts (data not shown).
Analysis of the AHNAK Nucleotide Sequence and Predicted Amino Acid Sequence. By compiling nucleotide sequences from both cDNA and genomic clones, we assembled contiguous sequences of 5.5 and 3. (Fig. 2 ).
Molecular sizes in kb are indicated. (7) . A second AUG with a similar consensus sequence and in the same reading frame is located at residues 587-589. Either or both of these codons might serve to initiate translation. The The protein product of AHNAK can be divided into three structural domains (Fig. 4) : the amino-terminal 251 amino acids, a large central domain of =4300 amino acids composed of repeated elements each 128 residues in length, and the carboxyl-terminal 1002 amino acids. In general, the sequence is rich in apolar and charged residues. The middle portion contains an abundance of both negatively and positively charged residues (pI 6.5), whereas both terminal domains are rich in lysines and, thus, are basic (pI 8.8). In addition, both terminal domains are rich in glycine.
The repeated elements that compose the central domain of AHNAK protein are highly conserved: identity between any two units is on average 80%o, and virtually all substitutions are conservative, preserving polarity and charge (Fig. 4) . The complete unit of repetition appears to be 128 amino acids long, but some of the units are reduced by deletions of 7, 54, or 61 residues, located at the same position within the repeat (Fig. 4) . In contrast, the most amino-terminal of the repeats has an insertion of 69 amino acids.
Searches of the protein sequence data base (Protein Identification Resource, January 1992) revealed statistically significant homology only with members of collagen and elastin families. This results from the fact that all these sequences are rich in glycine and proline and are repetitive in nature. Inspection of the AHNAK amino acid sequence revealed the presence in the carboxyl-terminal domain of three copies of the sequence Lys-Ser-Pro-Lys, which is identical to the cdc2 kinase phosphorylation sites in H1 histone (8, 9) . The carboxyl terminus displays several stretches with a high density of positively charged residues (see Fig. 6 ) reminiscent of nuclear localization signals (10) .
A Structural Model of AHNAK Protein. Inspection of the 128-residue repeat revealed an underlying heptad repeat with the motif (p±pP±(p±, where cp is a hydrophobic residue, ± is a hydrophilic residue that is often charged, and P is proline (Fig. 5) . Variations on this theme incorporate insertions or deletions of 2 or rarely 4 residues. This preserves the alternating character of the sequence. A similar pattern of heptad repeats is found also in the middle portion of the unique part of the sequenced carboxyl-terminal domain (amino acids 474-635, Fig. 4 Lower), though this region ofthe protein does not display the characteristic 128-amino acid repeats. Heptad repeats are common in fibrous proteins such as tropomyosin and keratin (11) and in nuclear proteins containing leucine zippers (12) . a-Helical structure with 3.5 residues per turn has been demonstrated in these cases (13, 14) . Prolines are rarely observed in these sequences. The carboxyl terminus of RNA polymerase II contains two prolines at positions 3 and 6 within a heptad repeat (15) and is presumed to form a pair of overlapping P-turns. The AHNAK heptad is incompatible with either of these structures. Instead, we propose a structure that accommodates the AHNAK heptad repeat.
A Fourier analysis (16) structure is left-handed. The pyrrolidone ring of proline restricts the backbone 4 angle to values near -75°to -85°. If the backbone dihedral angles throughout the heptad are similar, then 4 = -85°and / = + 1100 or +60°. An examination of a Ramachandran plot of peptide energetics as a function of backbone dihedral angles suggests that 4 = -85°a nd q = +110°is a more stable structure (17) . A molecular model ofthis structure was constructed and regularized using energy minimization with the AMBER force field. The average 4,0 angles after minimization are (-80°, +109°). (Fig. 4, residues 108-235) highlights the underlying heptad repeat and the conservation of proline every seven residues.
hydrophilic groups in space and only a small distortion is necessary to accommodate the proline residues. The structure is similar to a a-strand, suggesting that the chains could aggregate and form a barrel structure with intermolecular hydrogen bonds. A seven-stranded barrel with a diameter of 9.8 A or an eight-stranded barrel with a diameter of 10.1 A would satisfy the geometric requirements for hydrogen bonding. Hydrophobic groups would reside in the interior exclusively, and charged and other hydrophilic groups would cover the exterior. Seven-stranded structures have been Fig. 5 ) demonstrating the segregation of hydrophobic (alanine, valine, leucine, isoleucine, and tryptophan) and hydrophilic (lysine, aspartic acid, and glutamic acid)
residues.
described at the domain interface of globular proteins (18) and eight-stranded barrels are common components of globular proteins (19) . In either case, the resulting structure would be a polyionic rod as long as 1.2 ,nm. DISCUSSION We have described here the identification of a human gene, AHNAK, cloned initially as one of the genes whose expression is down-modulated in neoplastic neuroblasts, in comparison to differentiated derivatives of the neuroectodermal lineage. As reported (2), another member ofthis differentially expressed group of genes was CD44. The glycoprotein product ofCD44 mediates many functions in a variety ofcell types (20) . CD44 appears to be expressed on all nonneuronal derivatives of neural crest examined so far (21) with the exception of neuroblastoma cells (2) . We have speculated that downregulation of CD44 in neuroblastoma cells might be relevant to the arrested differentiation of neuroblastoma cells or to the highly metastatic properties of this tumor (2) . The expression pattern of AHNAK in human cells closely parallels that of CD44, which prompted us to initiate analysis of AHNAK structure and regulation.
AHNAK is a human gene coding for an unusually large protein with a highly periodic amino acid sequence and a predicted secondary structure that would be unprecedented, to our knowledge, if correct. We have found several salient structural features during analysis of AHNAK genomic sequences and the predicted amino acid sequences. (i) The genomic locus of AHNAK most likely lacks introns. This is an unexpected finding considering the large size of the AHNAK transcript, second only to that of the musclespecific gene titin (22) . (ii) A sequence of "t4400 amino acids in the middle part of the AHNAK protein is composed of multiple repeats of a 128-residue motif. Repetitive structures were described for several other very large protein products, including titin (23) , twitchin (24) , dystrophin (25) , and Paramecium primaurelia G surface protein (26) . All these large proteins share a general three-domain structure with the repeated motifs comprising the middle portion of the proteins. A distinctive feature of the AHNAK repeats is the high degree of amino acid sequence identity between them. (iii) Each 128-amino acid repeat in turn exhibits an internal repetitive structure apparent as heptad repeats with proline at almost every seventh position.
There are few clues to the function of AHNAK. The rod-like structure that we predict for the gene product suggests a structural role. The protein appears to be localized in the nucleus (unpublished analyses), where it could serve as part of the electrostatic "glue" that helps the polyionic components share a small space. When the differentiation of neuroblastoma cells is induced with retinoic acid, the expression of AHNAK increases coordinately (unpublished data). Thus, it is possible that the AHNAK protein is required for the differentiated phenotype of neuronal cells. Since our data suggest that AHNAK may not be expressed in all types of cells, the function of the gene may be specialized rather than universal.
